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ABSTRACT
We present optical photometric and spectroscopic observations of the 1987A-like supernova
(SN) 2009mw. Our BVRI and g′r′i′z′ photometry covers 167 d of evolution, including the rise
to the light-curve maximum, and ends just after the beginning of the linear tail phase. We
compare the observational properties of SN 2009mw with those of other SNe belonging to the
same subgroup and find that it shows similarities to several objects. The physical parameters
of the progenitor and the SN are estimated through hydrodynamical modelling, and yield an
explosion energy of 1 foe, a pre-SN mass of 19 M, a progenitor radius of 30 R and a
56Ni mass of 0.062 M. These values indicate that the progenitor of SN 2009mw was a blue
supergiant star, similar to the progenitor of SN 1987A. We examine the host environment of
SN 2009mw and find that it emerged from a population with a slightly subsolar metallicty.
Key words: supernovae: general – supernovae: individual: SN 1987A – supernovae: individ-
ual: SN 2009mw.
1 IN T RO D U C T I O N
The explosion of supernova (SN) 1987A in the Large Magellanic
Cloud was a unique event that has improved our understanding of
the evolution of massive stars immeasurably. It is the most studied
SN ever, and is the subject of a vast amount of published literature.
It was also a high-impact event in the sense that very few similar
SNe have been observed to date. SNe of this type involve core-
collapse and have spectra akin to those of the very common SNe
II-P. However, while both models and observations have found that
SNe II-P emerge from red supergiant (RSG) stars, the progenitor of
SN 1987A was a blue supergiant (BSG, see Arnett et al. 1989, and
references therein).
1987A-like SNe are intrinsically rare: Pastorello et al. (2012) es-
timated that they represent about 1–3 per cent of all core-collapse
 E-mail: ktakats@gmail.com
SNe in a volume-limited sample. In fact, after SN 1987A the as-
tronomical community had to wait 11 years for the discovery of
the next similar event, SN 1998A (Pastorello et al. 2005). Since
then a few more objects have been studied. Kleiser et al. (2011)
published observations of SNe 2000cb and 2005ci, although they
note that SN 2000cb does not match the characteristics of either
SNe II-P or SN 1987A: its B-band light curve is more similar to
that of SNe II-P, while in the redder bands it shows the slow-rising
light curve of 1987A-like SNe, and therefore its classification as a
1987A-like object is questionable. Taddia et al. (2012) presented
data on SNe 2006V and 2006au, while Pastorello et al. (2012) pub-
lished data on SN 2009E, all of which are well-observed examples
of this subgroup. Pastorello et al. (2012) compiled the sample of
1987A-like SNe known to date: 11 objects in total, including SN
1987A and SN 2000cb. Arcavi (2012) showed from the light curves
of SNe 2004ek, 2004em and 2005dp that these objects might also
belong to this subgroup. Taddia et al. (2016) analysed the data of
SNe 2004ek, 2004em, 2005ci and 2005dp, and added to the sample
C© 2016 The Authors
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PTF09gpn and PTF12kso. The light curve of SN 2004ek resembles
that of SN 2000cb. Kelly et al. (2015) classified SN Refsdal as a
luminous 1987A-like SN. In summary, the entire available sample
of 1987A-like SNe consists of a maximum of 17 objects, with only
a handful of them having well-sampled, multiband light curves and
spectroscopic observations.
In this paper we report on the observations of SN 2009mw, a
member of the group of 1987A-like objects. SN 2009mw was dis-
covered on 2009 December 23.30 UT in ESO 499-G005 by the
Chilean Supernova Search (CHASE, Pignata et al. 2009) project,
and was classified as a Type II-P SN on December 25.2 UT (Maza
et al. 2009). The classification spectrum suggested a normal SN
II-P about a month after the explosion; however, the subsequent
photometric follow-up revealed a light curve similar to that of SN
1987A.
This paper is organized as follows. In Section 2 we present the
photometric data and light-curve analysis. In Section 3 we pro-
vide the spectroscopic follow-up data and compare it with those
for other 1987A-like SNe. We estimate the physical parameters of
the progenitor and the explosion of SN 2009mw using hydrody-
namical modelling in Section 4, and analyse the host environment
in Section 5. Finally, the results are summarized and discussed in
Section 6.
2 PH OTO M E T RY
Optical photometric observations of SN 2009mw were obtained
with the PROMPT Telescopes in BVRI, g′r′i′z′, and open filters.
The data reduction was carried out using standard IRAF1 tasks. Af-
ter the basic reduction steps (bias-subtraction, overscan-correction,
flat-fielding), the photometric measurements of the SN were per-
formed using the point-spread function (PSF) fitting technique. We
calibrated the photometry by observing standard fields (Landolt
1992; Landolt & Uomoto 2007; Smith et al. 2002) on photometric
nights. With the help of these images, magnitudes for a local se-
quence of stars (Fig. 1, Table 1) in the SN field were determined
and used to calibrate the SN measurements (Fig. 2, Table 2). Some
of our observations were taken without a filter. Because the effec-
tive wavelength without a filter and shaped by the CCD quantum
efficiency is close to the effective wavelength of the R band, we
decided to calibrate the unfiltered instrumental magnitudes to this
band. In order to compute the transformation we used a colour term
estimated by observing Landolt standard stars without a filter; that
is, with the same setup as used for the SN observations.
Our observations lasted for about 167 d after discovery, cover-
ing the evolution around the maximum and ending just after the
tail phase started. By fitting a low-order polynomial around the
maximum, we determined that the B-band maximum occurred 71 d
after the discovery epoch, namely on MJD 55258.8 ± 0.4, with an
apparent magnitude of mB = 18.99 ± 0.02 mag.
In Fig. 3 we compare the BVRr′Ii′ light-curve shapes of several
1987A-like SNe with those of SN 2009mw. Some relevant param-
eters of the SNe that we use for comparison throughout the paper
can be found in Table 3. In Fig. 3, the light curves of the compar-
ison SNe are shifted vertically to match the peak magnitudes of
SN 2009mw. This figure shows that the light-curve shapes of the
different objects are quite similar; only those of SN 2000cb differ
1 IRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy,
Inc., under cooperative agreement with the National Science Foundation.
Figure 1. The field of SN 2009mw taken with the PROMPT5 telescope in
the R band. The local sequence of stars used for the photometric calibration
is marked with numbers. Their magnitudes can be found in Table 1.
significantly, showing flatter curves in VRI bands and missing the
broad, late maximum of the B-band curve entirely.
Because we do not have non-detections to constrain the explosion
epoch of SN 2009mw, we have to rely on comparisons with other
similar objects. In the small sample of this subgroup, the only SN
with a well-known explosion epoch is SN 1987A. The B-maximum
of this object occurred 82.2 ± 1.1 d after the explosion. Another
SN with some constraints on the explosion epoch is SN 2009E
(Pastorello et al. 2012), which exploded 86.5 ± 6.8 d before the B-
maximum. This value is similar to that of SN 1987A, but with higher
uncertainties. We determined the explosion epoch of SN 2009mw
by adopting the weighted mean of the two values, 84.3 ± 3.5 d,
leading to the explosion epoch MJD 55174.5 (2009 December 9.5
UT), 14 d before discovery.
2.1 Reddening and colour curves
The galactic reddening in the direction of SN 2009mw is
E(B − V)MW = 0.054 ± 0.001 mag (Schlafly & Finkbeiner 2011).
In the spectra (Section 3) there are no visible Na I D absorption
lines, the usual tracers of host galaxy extinction. We therefore as-
sume that the host galaxy extinction component is negligible and
adopt the galactic component as the total reddening towards the SN.
Fig. 4 shows the (B − V)0, (V − R)0 and (V − I)0 colours corrected
with E(B − V) = 0.054 mag. Because the epochs of the B-band
photometry differ from the others, we interpolated the V-band light
curve to the epochs of the B-band observations in order to calculate
the (B − V)0 colour curve. In Fig. 4 we also compare the colours
with those of other 1987A-like objects. The reddening values of
these SNe can be found in Table 3. In the case of SNe 2006V
and 2006au, ri-band magnitudes are available instead of RI-band
observations (Taddia et al. 2012). We included these objects in
the colour comparison by transforming the ri magnitudes to the
Johnson system using the formulae of Jordi, Grebel & Ammon
(2006). Because these equations were calibrated for stars, first we
tested them by converting the r′i′ magnitudes of SN 2009mw to RI
magnitudes and comparing the results with measured values. We
found that they agree within 1σ . Encouraged by this, we converted
MNRAS 460, 3447–3457 (2016)
The 1987A-like SN 2009mw 3449
Ta
bl
e
1.
BV
RI
an
d
g′
r′ i
′ z
′ m
ag
ni
tu
de
so
ft
he
lo
ca
ls
eq
ue
nc
e
o
fs
ta
rs
u
se
d
fo
r
th
e
ph
ot
om
et
ric
ca
lib
ra
tio
n.
α
20
00
δ 2
00
0
D
ec
.
B
V
R
I
g′
r′
i′
z′
[m
ag
]
[m
ag
]
[m
ag
]
[m
ag
]
[m
ag
]
[m
ag
]
[m
ag
]
[m
ag
]
[m
ag
]
1
09
:4
7:
07
.9
42
−2
4:
48
:0
0.
74
16
.5
11
(0.
02
5)
15
.5
46
(0.
03
5)
15
.0
44
(0.
04
3)
14
.5
08
(0.
04
7)
16
.0
03
(0.
01
3)
15
.2
73
(0.
02
9)
14
.9
79
(0.
01
7)
14
.8
15
(0.
00
4)
2
09
:4
7:
09
.7
75
−2
4:
49
:0
6.
95
15
.4
80
(0.
01
9)
15
.0
25
(0.
02
6)
14
.7
45
(0.
04
3)
14
.4
56
(0.
04
3)
15
.2
46
(0.
02
9)
14
.9
36
(0.
03
5)
14
.8
47
(0.
01
4)
14
.8
19
(0.
00
9)
3
09
:4
7:
13
.4
71
−2
4:
49
:0
6.
13
13
.0
53
(0.
03
2)
11
.5
75
(0.
02
1)
12
.2
56
(0.
02
0)
11
.0
81
(0.
03
2)
10
.5
71
(0.
08
9)
10
.1
77
(0.
01
2)
4
09
:4
7:
16
.1
86
−2
4:
47
:1
4.
58
16
.7
41
(0.
03
5)
16
.1
76
(0.
02
7)
15
.8
05
(0.
05
3)
15
.4
38
(0.
02
6)
16
.4
18
(0.
02
4)
16
.0
29
(0.
03
0)
15
.8
63
(0.
02
6)
15
.7
78
(0.
01
7)
5
09
:4
7:
19
.6
00
−2
4:
47
:0
9.
37
17
.5
02
(0.
05
0)
16
.7
93
(0.
01
6)
16
.3
91
(0.
04
6)
15
.9
78
(0.
03
9)
17
.1
22
(0.
03
3)
16
.6
01
(0.
04
3)
16
.3
73
(0.
04
9)
16
.3
27
(0.
02
4)
6
09
:4
7:
22
.8
43
−2
4:
48
:0
4.
46
14
.8
43
(0.
01
8)
14
.4
02
(0.
03
0)
14
.1
29
(0.
05
0)
13
.8
31
(0.
03
1)
14
.6
10
(0.
02
2)
14
.3
16
(0.
04
2)
14
.2
17
(0.
01
8)
14
.1
96
(0.
01
3)
7
09
:4
7:
27
.0
22
−2
4:
47
:3
4.
86
16
.7
33
(0.
03
4)
15
.9
89
(0.
02
2)
15
.5
85
(0.
06
8)
15
.1
90
(0.
03
2)
16
.3
21
(0.
02
6)
15
.8
02
(0.
03
6)
15
.6
06
(0.
01
8)
15
.5
18
(0.
01
1)
8
09
:4
7:
28
.0
92
−2
4:
47
:5
6.
56
12
.4
71
(0.
01
8)
11
.7
14
(0.
03
2)
11
.2
82
(0.
04
6)
10
.8
36
(0.
02
8)
12
.0
56
(0.
02
4)
11
.5
03
(0.
03
4)
11
.2
68
(0.
02
0)
11
.1
57
(0.
01
1)
9
09
:4
7:
26
.8
15
−2
4:
48
:1
6.
03
15
.8
09
(0.
02
3)
15
.2
03
(0.
03
1)
14
.8
72
(0.
04
6)
14
.4
90
(0.
04
7)
15
.4
86
(0.
02
1)
15
.0
66
(0.
03
4)
14
.9
05
(0.
02
2)
14
.8
32
(0.
00
7)
10
09
:4
7:
27
.0
83
−2
4:
49
:4
5.
66
17
.5
15
(0.
03
3)
16
.3
17
(0.
05
1)
15
.6
13
(0.
06
3)
14
.9
72
(0.
04
1)
16
.9
06
(0.
01
5)
15
.8
83
(0.
03
8)
15
.4
62
(0.
02
8)
15
.2
23
(0.
00
4)
11
09
:4
7:
17
.9
05
−2
4:
49
:4
1.
74
15
.4
96
(0.
01
7)
14
.7
54
(0.
03
2)
14
.3
37
(0.
04
3)
13
.9
49
(0.
03
5)
15
.1
24
(0.
02
1)
14
.5
50
(0.
03
4)
14
.3
75
(0.
01
3)
14
.2
89
(0.
00
8)
12
09
:4
7:
25
.7
67
−2
4:
51
:5
1.
35
15
.2
51
(0.
01
4)
14
.1
43
(0.
03
4)
13
.4
83
(0.
05
2)
12
.9
09
(0.
03
9)
14
.6
95
(0.
01
3)
13
.7
46
(0.
03
1)
13
.3
82
(0.
01
9)
13
.1
94
(0.
01
9)
13
09
:4
7:
27
.5
12
−2
4:
52
:1
6.
16
16
.1
23
(0.
02
9)
15
.5
21
(0.
02
5)
15
.2
08
(0.
05
6)
14
.8
43
(0.
04
7)
15
.8
02
(0.
01
2)
15
.4
00
(0.
02
7)
15
.2
60
(0.
02
1)
15
.2
10
(0.
02
0)
14
09
:4
7:
28
.4
95
−2
4:
52
:4
6.
94
15
.6
23
(0.
02
0)
14
.9
47
(0.
03
0)
14
.6
03
(0.
04
5)
14
.2
29
(0.
04
3)
15
.2
60
(0.
01
1)
14
.8
04
(0.
03
1)
14
.6
45
(0.
01
9)
14
.5
78
(0.
00
6)
15
09
:4
7:
18
.3
05
−2
4:
51
:4
8.
53
17
.0
77
(0.
03
9)
16
.3
37
(0.
02
3)
15
.9
49
(0.
04
8)
15
.5
36
(0.
05
1)
16
.6
72
(0.
01
5)
16
.1
76
(0.
04
3)
15
.9
87
(0.
02
2)
15
.8
71
(0.
04
1)
16
09
:4
7:
26
.0
20
−2
4:
54
:2
2.
44
16
.7
90
(0.
03
4)
15
.7
19
(0.
02
7)
15
.1
27
(0.
06
7)
14
.5
41
(0.
03
8)
16
.2
48
(0.
00
6)
15
.3
83
(0.
04
6)
15
.0
24
(0.
04
2)
14
.8
09
(0.
01
0)
17
09
:4
7:
15
.2
64
−2
4:
53
:2
6.
23
17
.3
43
(0.
03
6)
16
.9
78
(0.
06
1)
16
.7
98
(0.
04
6)
16
.5
07
(0.
03
9)
17
.1
23
(0.
01
2)
16
.9
57
(0.
03
7)
16
.8
95
(0.
02
1)
16
.9
22
(0.
05
8)
18
09
:4
7:
14
.1
35
−2
4:
52
:2
4.
69
17
.7
67
(0.
05
0)
17
.1
28
(0.
03
8)
16
.7
67
(0.
04
5)
16
.4
11
(0.
05
9)
17
.4
53
(0.
04
5)
16
.9
91
(0.
02
9)
16
.8
34
(0.
01
8)
16
.7
36
(0.
01
4)
19
09
:4
7:
10
.5
97
−2
4:
53
:5
3.
18
17
.6
27
(0.
05
9)
16
.8
72
(0.
02
8)
16
.4
73
(0.
05
9)
16
.0
56
(0.
06
4)
17
.2
17
(0.
02
5)
16
.6
88
(0.
02
9)
16
.4
78
(0.
01
1)
16
.3
99
(0.
02
1)
20
09
:4
7:
05
.8
93
−2
4:
52
:5
6.
25
18
.0
63
(0.
12
9)
17
.1
22
(0.
03
9)
16
.6
51
(0.
03
9)
16
.1
67
(0.
05
0)
17
.5
63
(0.
03
9)
16
.8
73
(0.
01
2)
16
.6
32
(0.
02
6)
16
.4
76
(0.
04
2)
21
09
:4
7:
02
.6
78
−2
4:
53
:2
3.
33
16
.9
29
(0.
00
9)
16
.0
35
(0.
02
1)
15
.4
95
(0.
06
3)
14
.9
67
(0.
03
3)
16
.4
61
(0.
01
1)
15
.7
37
(0.
03
4)
15
.4
24
(0.
02
0)
15
.2
51
(0.
02
1)
22
09
:4
7:
12
.2
06
−2
4:
50
:5
0.
50
17
.7
57
(0.
03
7)
17
.0
16
(0.
07
6)
16
.6
47
(0.
02
0)
16
.2
13
(0.
03
3)
17
.3
82
(0.
02
5)
16
.8
51
(0.
02
0)
16
.6
82
(0.
02
4)
16
.5
53
(0.
05
1)
23
09
:4
7:
08
.3
36
−2
4:
50
:3
7.
78
17
.7
74
(0.
05
8)
16
.9
92
(0.
06
2)
16
.5
80
(0.
08
2)
16
.1
49
(0.
03
5)
17
.3
56
(0.
01
4)
16
.8
04
(0.
02
4)
16
.5
92
(0.
03
5)
16
.4
72
(0.
03
3)
24
09
:4
7:
10
.2
92
−2
4:
50
:0
4.
39
17
.9
22
(0.
08
4)
17
.2
61
(0.
03
5)
16
.8
93
(0.
04
6)
16
.4
89
(0.
04
3)
17
.5
96
(0.
05
5)
17
.0
99
(0.
04
1)
16
.8
96
(0.
02
5)
16
.7
94
(0.
05
6)
25
09
:4
7:
05
.4
28
−2
4:
49
:1
3.
87
15
.8
29
(0.
02
0)
15
.2
53
(0.
03
2)
14
.9
27
(0.
04
6)
14
.5
88
(0.
04
6)
15
.5
25
(0.
02
8)
15
.1
19
(0.
03
3)
15
.0
03
(0.
01
6)
14
.9
54
(0.
02
0)
26
09
:4
6:
58
.3
92
−2
4:
50
:2
9.
08
15
.6
94
(0.
02
6)
15
.0
88
(0.
02
9)
14
.7
51
(0.
04
8)
14
.3
94
(0.
04
0)
15
.3
70
(0.
03
7)
14
.9
44
(0.
03
5)
14
.8
00
(0.
01
9)
14
.7
41
(0.
00
9)
27
09
:4
7:
00
.0
77
−2
4:
50
:1
7.
13
16
.7
64
(0.
02
8)
15
.7
18
(0.
03
0)
15
.0
72
(0.
04
6)
14
.5
07
(0.
03
9)
16
.2
28
(0.
03
1)
15
.3
18
(0.
03
8)
14
.9
79
(0.
01
7)
14
.7
97
(0.
02
3)
MNRAS 460, 3447–3457 (2016)
3450 K. Taka´ts et al.
Figure 2. The BVRI and g′r′i′z′ light curves of SN 2009mw.
the ri magnitudes of SNe 2006V and 2006au to the RI bands and
used these values for the colour comparison.
Fig. 4 shows the colour comparison between SN 2009mw and the
other SNe in our sample. SN 1987A has redder colours during its
pre-maximum evolution than most of the sample, but this difference
seems to disappear at later times. The B − V colour of SN 2000cb
reddens steadily during the first ∼80 d of evolution. There is some
scatter among the rest of the SNe in the (B − V)0 colour, while in
the other two colours these objects are similar. The (V − R)0 and
(V − I)0 colours of all the SNe, except those of SN 2000cb, are
almost constant until about 110–120 d after explosion (∼30 d after
maximum), and then the SNe become suddenly redder. This change
probably marks the end of the recombination (plateau) phase. At
phases later than 120 d after explosion, the (V − I)0 colour of SN
2009E is redder than that of the other SNe, although not all objects
have such late observations available.
2.2 Distance and bolometric light curve
There are several distance measurements in the literature for the
host galaxy of SN 2009mw, ESO 499-G005, all obtained using
the Tully–Fisher (TF) method. Willick et al. (1997) obtained a
Malmquist-corrected TF distance of 44.69 ± 8.5 Mpc. Theureau
et al. (2007) used the TF method in the JHK band and obtained
an average distance of 57.93 ± 10.6 Mpc. Springob et al. (2009)
found the Malquist-corrected TF distance to be 44.29 ± 8.13 Mpc.
The redshift distance is 57 ± 4 Mpc.2 In this paper we adopt the
weighted mean of these distances, D = 50.95 ± 4.07 Mpc (distance
modulus μ = 33.54 ± 0.17 mag).
The B-band peak absolute magnitude of SN 2009mw calculated
using the obtained distance is MB,max = −14.77 ± 0.17 mag. This
value is among the lowest in our sample of 1987A-like SNe (Ta-
ble 3); it is similar to that of SN 1987A and only slightly higher
than that of SN 2009E.
Fig. 5 compares the BVRI quasi-bolometric luminosities of
1987A-like SNe with that of SN 2009mw. We used the same method
for all of the SNe to calculate these luminosities, by converting the
BVRI magnitudes to fluxes and integrating them using Simpson’s
2 NED; http://ned.ipac.caltech.edu/.
rule. The distances of the SNe used for comparison can be found
in Table 3. The luminosity of SN 2009mw is similar to that of SN
2009E and lower than that of SN 1987A.
3 SPEC TRO SC O PY
Four optical spectra were taken of SN 2009mw with the 8.1-m Gem-
ini South Telescope (+GMOS), the 4.1-m Southern Astrophysical
Research Telescope (SOAR+Goodman) and the 2.5-m Ire´ne´e du
Pont telescope (+WFCCD) (see Table 4). The reduction, extrac-
tion and calibration of the spectra were carried out using standard
IRAF tasks. In the case of the Gemini-S data, we used the tasks
in the GEMINI package in IRAF. Note that the wavelength calibration
of the first spectrum is somewhat uncertain, because we had to use
the night sky lines for calibration. The reduced spectra are shown
in Fig. 6.
The spectra show features that are typically present in SNe
II-P during the recombination phase, such as the H I Balmer se-
ries, Na II, Ca II, Ba II, Fe II, Sc II and Ti II (Fig. 7). During the
observed period the same features remain present, while the Na I
and H I lines strengthen significantly.
In Fig. 7 we compare the spectra of SN 2009mw with those of
other 1987A-like SNe at similar phases. The spectra of SN 2009mw
are the most similar to those of SNe 1998A and 2006au, mainly
because of their more prevalent Hβ absorption features and very
weak Ba II lines. The Ba II features are quite strong in the spectra
of SNe 1987A and 2009E. Strong Ba II features often appear in the
spectra of subluminous SNe II-P, and their appearance is usually
explained by invoking temperature effects (see e.g. Turatto et al.
1998; Pastorello et al. 2012; Taka´ts et al. 2014).
In order to compare quantitatively the strength of some of the fea-
tures in different SNe, we measured the pseudo-equivalent widths
(pEWs) of the absorption components of the Hα, Hβ, Fe II λ5169
and Ba II λ6142 features. In Fig. 8 we compare these values. The
pEWs of Hα show a large scatter among the different SNe, while the
pEWs of Hβ seem to split into two groups at phase 40 d after explo-
sion, with SNe 2009mw, 1998A, 2000cb and 2006au having pEWs
greater than 30 Å, while the pEW values of SNe 1987A, 2006V and
2009E are significantly smaller, lower than 10 Å at this epoch. We
can detect a similar duality in the pEWs of Ba II: in this case SNe
1987A and 2009E have larger values than the rest. The pEWs of
the H I lines of SN 1987A show an interesting behaviour: the pEWs
of both Hα and Hβ increase rapidly after explosion, reaching their
peak at 19 and 8 d after explosion, respectively, and then decrease
rapidly. Lyubimkov (1991) analysed this behaviour and concluded
that it is caused by the temperature evolution and the difference in
density between the layers that produce Hα and Hβ. In our sample,
SNe 2000cb and 2006au seem to show similar behaviour, although
they are less well sampled.
The pEWs of Hα and Hβ measured from the first spectrum of
SN 2009mw indicate the lack of the sharp peak of pEWs in the case
of this SN; or, possibly, the maximum of the pEWs of the Balmer
lines are earlier than in the case of SN 1987A. We measured the
temperatures of the SNe in our sample by fitting blackbody curves
to their spectra (Fig. 9). The temperature of SN 1987A shows a
rapid decrease until about 20 d after explosion. The early-time
temperatures of SN 2000cb are lower and the decrease is less steep,
while for the rest of the SNe we do not have sufficient observations
to compare their behaviours at this phase. At a time of 20 d after
the explosion, all the SNe in our sample have significantly higher
temperatures than SN 1987A, which is reflected in the colour curves
(Fig. 4).
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Table 2. BVRI and g′r′i′z′ magnitudes of SN 2009mw, obtained with the PROMPT telescopes.
Date MJD B V R I g′ r′ i′ z′
[mag] [mag] [mag] [mag] [mag] [mag] [mag] [mag]
2009/12/23a 55188.3 19.124 (0.079)
2009/12/24a 55189.1 19.055 (0.102)
2009/12/27a 55192.2 18.893 (0.065)
2010/01/10a 55206.3 18.457 (0.057)
2010/01/11a 55207.8 18.380 (0.052)
2010/01/15a 55211.2 18.226 (0.044)
2010/01/16 55212.2 19.789 (0.095) 18.605 (0.037) 18.250 (0.030) 17.988 (0.043) 19.121 (0.070)
2010/01/18 55214.4 19.625 (0.072)
2010/01/19 55215.2 19.042 (0.058)
2010/01/23 55219.3 19.604 (0.061) 18.950 (0.059)
2010/01/24 55220.2 19.681 (0.062) 18.921 (0.050) 18.159 (0.026) 18.097 (0.026) 17.999 (0.0369)
2010/01/29 55225.2 18.321 (0.034) 17.960 (0.028) 17.571 (0.027)
2010/02/02 55229.2 19.372 (0.084)
2010/02/06 55233.1 18.260 (0.058)
2010/02/07 55234.2 19.218 (0.048)
2010/02/08a 55235.2 17.750 (0.042)
2010/02/09 55236.1 17.935 (0.023) 17.826 (0.027) 17.581 (0.038)
2010/02/11 55238.1 18.028 (0.029) 17.718 (0.024)
2010/02/17 55244.1 17.996 (0.032) 17.641 (0.026) 17.315 (0.021)
2010/02/20 55247.1 19.081 (0.056)
2010/02/24 55251.1 19.064 (0.030) 18.373 (0.021)
2010/02/27 55254.2 17.662 (0.027) 17.553 (0.030) 17.407 (0.042)
2010/03/05 55260.2 17.854 (0.019) 17.416 (0.019) 17.093 (0.022) 17.630 (0.026) 17.541 (0.029) 17.447 (0.037)
2010/03/08 55263.1 19.033 (0.044) 18.382 (0.033)
2010/03/09 55264.1 17.861 (0.028) 17.453 (0.024) 17.114 (0.020)
2010/03/15 55270.2 17.900 (0.025)
2010/03/16a 55271.0 17.455 (0.039)
2010/03/16 55271.1 17.456 (0.021) 17.127 (0.023)
2010/03/19 55274.1 19.243 (0.046) 17.94. (0.029) 17.441 (0.027) 17.173 (0.022) 18.537 (0.039) 17.624 (0.026)
2010/03/21 55276.1 19.223 (0.065) 18.555 (0.038)
2010/03/22 55277.1 18.025 (0.040) 17.493 (0.023) 17.216 (0.039)
2010/03/23a 55278.1 17.506 (0.051)
2010/03/24 55279.0 19.425 (0.049) 18.645 (0.036) 17.770 (0.039) 17.668 (0.051) 17.519 (0.055)
2010/03/25 55280.1 18.081 (0.027) 17.548 (0.022) 17.291 (0.020)
2010/03/28a 55283.1 17.638 (0.044) 17.839 (0.025) 17.743 (0.045) 17.541 (0.059)
2010/04/04 55290.1 20.201 (0.035) 17.915 (0.115) 17.522 (0.140) 19.234 (0.033) 18.105 (0.032) 18.056 (0.037) 17.799 (0.044)
2010/04/06 55292.0 18.838 (0.066)
2010/04/06a 55292.0 18.011 (0.052)
2010/04/09 55295.0 20.721 (0.129) 19.410 (0.068) 18.191 (0.053) 18.299 (0.076) 18.028 (0.069)
2010/04/19 55305.1 21.015 (0.129) 19.204 (0.049) 18.387 (0.032) 18.001 (0.033) 19.906 (0.078) 18.600 (0.044) 18.532 (0.066) 18.308 (0.072)
2010/04/21 55307.0 19.112 (0.086) 18.045 (0.052)
2010/04/27 55313.0 19.330 (0.053) 18.562 (0.035) 18.158 (0.039)
2010/04/28 55314.0 20.070 (0.116) 18.721 (0.071) 18.635 (0.099) 18.472 (0.108)
2010/05/05 55321.0 20.128 (0.101) 18.776 (0.062) 18.769 (0.055)
2010/05/22 55338.0 20.400 (0.116)
2010/06/04 55351.0 19.754 (0.059)
2010/06/08 55355.0 18.876 (0.042) 20.643 (0.131)
aOpen filter.
The pEWs of the Fe II lines show some scatter at early phases
but are quite similar for all the SNe except 2009E at around 70 d
after explosion. Anderson, Gutie´rrez & Dessart (2016) found a
correlation between the pEW of the Fe II features and the oxygen
abundance of the host environment of SNe II. Assuming that this
correlation exists for 1987A-like SNe, similar pEWs of Fe II lines
would indicate that the objects in our sample emerged from similar
environments (see also Section 5). Fig. 8 also indicates that SN
2009E is quite peculiar, because the pEWs of almost all of its lines
are low, except that of the Ba II feature, which is significantly higher
than that in most of the other SNe.
We measured the Doppler velocity of several lines in the spectra
of SN 2009mw, as well as in those of the other 1987A-like SNe.
Fig. 10 compares the velocities measured from Hα, Hβ and Fe II
λ5169. These velocities show little difference, although during the
first 10 d of evolution we have data from only SNe 1987A and
2000cb, and this is the period when the velocity changes more
rapidly. At later phases, the velocity curves are quite flat. SN
2009E has lower velocities than the others in this sample, while
SN 2009mw has values similar to those of SNe 1998A and 2006au.
4 PH Y S I C A L PA R A M E T E R S
A comparison of the observed parameters of a SN with those
derived from semi-analytical and hydrodynamical modelling is
a frequently used technique to estimate the physical proper-
ties of the progenitor and the explosion. Here we use a one-
dimensional Lagrangian local thermodynamic equilibrium (LTE)
radiation hydrodynamic code (Bersten, Benvenuto & Hamuy 2011)
for this purpose. We adopted double polytropic models as ini-
tial conditions for our simulations. These parametric models
preserve the typical density structure of blue supergiant (BSG) stars,
which are commonly assumed to be the progenitors of 1987A-like
SNe. While pre-SN models calculated from stellar evolution have
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Figure 3. Comparison of the shapes of the BVRr′Ii′ light curves for a se-
lected sample of 1987A-like SNe with those of SN 2009mw. The light curves
of the comparison SNe were shifted vertically to match the magnitudes of
SN 2009mw at maximum, and horizontally to match the epoch of the max-
imum. Because the B-band light curve of SN 2000cb does not show a broad
delayed maximum like the others, it was shifted (somewhat arbitrarily) by
76 d relative to the explosion date for the sake of the comparison.
a clearer physical basis, especially if we are to connect the pre-SN
mass with the mass of the star on the main sequence, we do not have
access to a set of such models for BSGs. We note that in double
polytropic models the pre-SN mass and radius are assumed to be
independent parameters, to be determined based on a comparison
with the observations. The explosion itself was simulated by inject-
ing a certain amount of energy near the centre of the progenitor
object. We simultaneously modelled the velocity curve, using the
velocities determined from the Doppler shift of the Fe II λ5169 line,
and the bolometric luminosity curve resulting from the degeneracy
between the progenitor mass and expansion velocities.
Because we do not have either UV or NIR data to calculate
the bolometric luminosity directly, we followed the example of
Pastorello et al. (2012), by assuming that the bolometric correction
Figure 4. The reddening-corrected (B − V)0, (V − R)0 and (V − I)0 colour
curves of SN 2009mw compared with the colour curves of other 1987A-
like SNe. Note that the RI magnitudes of SNe 2006V and 2006au were
transformed from their ri bands (see text).
is identical for SNe 1987A and 2009mw. We calculated LBVRI,87A
using the same method as for SN 2009mw (Section 2.2), while
the bolometric luminosity curve was adopted from the literature
(Catchpole et al. 1987, 1988). The determined bolometric correction
for SN 1987A allowed us to calculate the Lbol,09mw curve, which is
shown in Fig. 11.
In the same figure, we also present the best-fitting model, which
corresponds to a progenitor radius of 30 R, an explosion en-
ergy of 1 foe, a 56Ni mass of 0.062M, and a pre-SN mass of
19 M, assuming that a compact remnant of 1.5 M was formed
during the explosion (model M19R30E1NI062). In order to find this
model, several calculations with different masses, radii, energies and
radioactive materials were performed. Fortunately, each parameter
affects the resulting light curve in a particular way. Even if there
is degeneracy between the explosion energy and the pre-SN mass,
Table 3. The explosion epoch, the epoch of the B-maximum, the maximum absolute magnitude in the B band, the reddening, and the
distance of the SNe used for comparison throughout the paper.
SN texp tmax,B Mmax,B E(B − V) D Ref.
[MJD] [MJD] [mag] [mag] [Mpc]
1987A 46849.3 (0.0) 46931.5 −14.75 (0.01) 0.19 0.05 (0.005) 1,2
1998A 50801.0 (4.0) 50890.0 −15.22 (0.20) 0.12 29.2 (2.0) 3
2000cb 51655.5 (4.1) 0.11 32.2 (8.0) 4
2006V 53747.5 (4.0) 53823.2 −16.19 (0.15) 0.03 74.5 (5.0) 5
2006au 53793.5 (9.0) 53865.0 −16.02 (0.14) 0.31 47.4 (3.2) 5
2009E 54832.0 (3.0) 54918.5 −14.53 (0.17) 0.04 29.9 (2.2) 6
References: (1) Menzies et al. (1987), (2) Catchpole et al. (1987), (3) Pastorello et al. (2005), (4) Kleiser et al. (2011), (5) Taddia et al.
(2012), (6) Pastorello et al. (2012).
Note that we use the value H0 = 72 km s−1 Mpc−1 throughout the paper.
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Figure 5. BVRI quasi-bolometric light curve of SN 2009mw and compari-
son with those of other 1987A-like SNe.
Table 4. Summary of the spectroscopic observations.
Date MJD Phasea Instrument set-up
[d] [d]
25/12/2009 55190.3 −69 Gemini-S+GMOS + R150
17/01/2010 55213.8 −45 Gemini-S+GMOS + R400
12/03/2010 55267.1 +8 SOAR+GOODMAN + 300
20/03/2010 55275.2 +16 du Pont+WFCCD + blue grism
aRelative to the epoch of the B maximum, i.e. MJD = 55258.8.
this can be removed by considering the expansion velocities. This
is demonstrated in Fig. 11, where the sensitivity of the model to
the explosion energy and the pre-SN mass (upper and lower pan-
els, respectively) is shown. In this figure, models with different
explosion energies (E = 0.5, 1 and 1.5 foe) and masses (M = 15,
19 and 22 M) are presented. We kept the other parameters iden-
tical to those of model M19R30E1NI062. As shown, changing the
pre-SN mass has only a small effect on the resulting velocity; it is
the explosion energy that mainly regulates the photospheric velocity
evolution. After setting the energy from this comparison, we varied
the rest of the parameters until we found the best model to describe
the observed evolution. We also found that changing the progenitor
radius mainly affects the early phase of the light curve, while the
56Ni mass determines the tail luminosity.
The parameters of some of the other 1987A-like SNe were deter-
mined with similar techniques. Table 5 summarizes these results.
It shows that the progenitors of these objects are all compact stars,
with a progenitor radius less than 100 R. The ejecta mass is close
to 20 M in all cases (although one of the models for SN 1987A
found smaller values). The variation of the explosion energy is in
the range of a few foe, and the nickel mass changes in the range
between 0.04 and 0.13 M.
5 H O S T EN V I RO N M E N T
Taddia et al. (2013) studied the environments of 1987A-like SNe
and found that these objects are located either in the outer parts of
bright, metal-rich galaxies or in faint, metal-poor hosts, and that on
average these SNe emerge from populations with a slightly lower
metallicity than that of the hosts of normal SNe II-P.
The host galaxy of SN 2009mw, ESO 499-G005, is a type
SAB(s)c galaxy, with an absolute brightness of MB = −19.7 mag.
The SN is located in the outskirts of the galaxy (see Fig. 1), and
Figure 6. The spectral sequence of SN 2009mw. The positions of strong
telluric features are marked with the symbol ⊕.
the ratio between its deprojected position and r25 is dSN/r25 = 1.4.
We were able to extract a spectrum of an H II region close to
the position of the SN from the spectrum taken with the du Pont
telescope (Section 3). Using the relationships in Marino et al.
(2013), we determined the oxygen abundance (12 + log (O/H))
as N2 = 8.39 ± 0.05 dex (note that the systematic error of the
diagnostic is 0.16 dex). As part of a project to determine the metal-
licity of parent populations of SNe, a VLT+FORS2 spectrum was
taken of this galaxy, because it hosts another SN, namely SN 2008H
(Anderson et al., in preparation). SN 2008H was located at the cen-
tre of the galaxy, corresponding to the position where the slit was
placed. We were able to extract spectra at several positions along
the slit and used the relationships in Marino et al. (2013) to deter-
mine the oxygen abundance. The derived metallicity is solar-like
close to the centre of the galaxy and decreases along the depro-
jected distance from it. None of our measurements extends as far as
the deprojected distance of SN 2009mw, but by extrapolating the
gradient we can estimate the oxygen abundance at the distance of
SN 2009mw as N2 = 8.32 ± 0.08 dex, which is a subsolar value
(see Fig. 12).
6 D I SCUSSI ON
In this paper we have presented optical photometry and spec-
troscopy for SN 2009mw. This SN belongs to the small sub-
group of 1987A-like SNe, which are Type II SNe character-
ized by a light curve that keeps rising for about 3 months af-
ter explosion. The current sample of 1987A-like SNe is very
small, a result of the fact that they are intrinsically rare. To date,
data of fewer than 18 objects have been published, and only a
few of them have multiband photometric and spectroscopic data
available.
We obtained a photometric follow-up of SN 2009mw using BVRI
and g′r′i′z′ bands. On comparing the shape of the light curves
with those of SNe 1987A, 1998A, 2006V, 2006au and 2009E we
found that they are remarkably similar, while SN 2000cb has a light
curve that is quite different: the slow brightening and late maximum
in the B band is missing. The colour of SN 2009mw is bluer than
that of SNe 1987A and 2000cb, and slightly redder than that of SNe
2006V and 2006au, more like that of SNe 2009E and 1998A. The
absolute brightness of SN 2009mw is close to that of SNe 1987A
and 2009E and fainter than that of SNe 1998A, 2000cb, 2006V and
2006au.
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Figure 7. Comparison of the spectra of SN 2009mw with those of other 1987A-like SNe, namely SNe 1987A (Pun et al. 1995), 1998A (Pastorello et al. 2005),
2000cb (Kleiser et al. 2011), 2006V, 2006au (Taddia et al. 2012) and 2009E (Pastorello et al. 2012).
The spectra of 1987A-like SNe are similar to those of SNe II-P.
The spectra of the objects in our sample evolve similarly, showing
variations mostly in the strengths of the Ba II and H β lines. In this
respect, the spectra of SN 2009mw are more akin to those of SNe
1998A and 2006au.
We estimated the physical properties of the progenitor and the
explosion through hydrodynamical modelling, yielding an explo-
sion energy of 1 foe, a pre-SN mass of 19 M, a progenitor radius
of 30 R, and a 56Ni mass of 0.062 M. These values are similar to
those obtained for SN 1987A, indicating that the progenitor of SN
2009mw was a blue supergiant star, as is the case for SN 1987A.
The physical parameters of several 1987A-like SNe have been es-
timated through modelling, and the value obtained suggest that all
SNe have compact progenitors.
We examined the metallicity of the host environment of SN
2009mw and found a subsolar value for the oxygen abundance,
in accordance with the findings of Taddia et al. (2013), namely that
1987A-like SNe emerge from environments with a slightly lower
metallicty than those of SNe II-P.
Our comparison of SN 2009mw with other 1987A-like SNe
shows that, while some of their parameters show differences, others
such as their spectra, progenitors and environments are quite simi-
lar. We need a larger sample of these objects in order to understand
why, for example, the light curves of SNe 2000cb and 2004ek stand
out so much while their progenitors are similar to those of the rest.
1987A-like SNe seem to emerge from BSG stars located in environ-
ments with a slightly subsolar metallicity, although the processes
that produce and explode these stars are still debated.
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Figure 8. Pseudo-equivalent widths of the absorption components of Hα (top left panel), Hβ (top right panel), Fe II λ5169 (bottom left panel) and Ba II λ6142
features for several 1987A-like SNe, compared with those of SN 2009mw.
Figure 9. The evolution of the temperature of SN 2009mw compared with
that of other 1987A-like SNe. The temperatures were measured by fitting
blackbody curves to the spectra, except for SN 2000cb. The spectrum of this
object is not flux-calibrated, and therefore the photometric spectral energy
distribution was fitted with a blackbody curve.
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Figure 11. The bolometric luminosity (left panels) and the photospheric velocity (right panels) of SN 2009mw (circles) compared with hydrodynamical
models with different parameters. The blue line shown in each panel corresponds to the best-fitting model, M19R30E1NI062. The upper panels demonstrate
the change of the model curves if we keep all parameters the same except for the explosion energy, while the lower panels show the models with different
ejecta mass.
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Table 5. Comparison of the physical parameters of the progenitor and
explosion of 1987A-like SNe. The table is ordered by the brightness of the
SNe, the faintest one being at the top.
SN E Mejecta R 56Ni Ref.
[foe] [M] [R] [M]
2009E 0.6 19.0 100 0.040 1
2009mw 1.0 17.5 30 0.062 This paper
1987A 1.1 11.8 33 0.078 2
1987A 1.6 18.0 72 0.075 3
2000cb 4.4 22.3 35 0.083 4
1998A 5.6 22.0 ≤86 0.11 3
2006au 3.2 19.3 90 ≤0.073 2
2006V 2.4 17.0 75 0.127 2
References: (1) Pastorello et al. (2012), (2) Taddia et al. (2012), (3) Pastorello
et al. (2005), (4) Utrobin & Chugai (2011).
Note that Pastorello et al. (2005) used the semi-analytic code of Zampieri
et al. (2003) to obtain the parameters of SNe 1987A and 1998A; Pastorello
et al. (2012) applied the radiation-hydrodynamics code of Pumo, Zampieri
& Turatto (2010) and Pumo & Zampieri (2011); Taddia et al. (2012) used the
semi-analytic model of Imshennik & Popov (1992); and Utrobin & Chugai
(2011) used their own hydrodynamical model.
Figure 12. Using multiple measurements at various deprojected distances,
we estimated the oxygen abundance at the position of SN 2009mw through
extrapolation. We used a long-slit spectrum taken by Anderson et al. (in
preparation) with Very Large Telescope (VLT) to extract spectra of several
H II regions (red circles), as well as our spectrum of SN 2009mw taken with
the du Pont telescope, to take measurements close to the site of the SN (blue
square). The extrapolation yielded N2 = 8.32 ± 0.08 dex, a subsolar value
for the position of SN 2009mw (magenta diamond).
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